Muscular steatosis (MS), also known as so-called "fatty muscular dystrophy", is a muscular lesion detected in meat inspection centers by its characteristics, such as abnormally fat infiltrated and discolored skeletal muscle \[[@r24], [@r36]\]. The so-called "fatty muscular dystrophy" has not been thought to be related to human muscular dystrophy (MD). This term has been applied to the macroscopic appearance of afflicted skeletal muscle that is characterized by excessive fat deposition within muscles, especially in meat inspection centers in Japan \[[@r9], [@r16]\]. MS results in an economic loss to pig farms, because MS-afflicted muscle or the afflicted whole body is disposed of according to regulation. However, effective prevention has not yet been established, because the pathogenesis of MS is not clear.

One of the possible pathogenesis of MS is the inherited muscular disorder. Inherited muscular disorders have been reported in various animal species, including horse \[[@r23]\], cow \[[@r11]\], chicken \[[@r20]\], dog \[[@r8], [@r30]\] and cat \[[@r7], [@r26], [@r28]\]. In particular, the disorders that possess similar gene deficiencies to human MD are important as a human disease models resource.

MD is a hereditary primary skeletal muscular disorder characterized by progressive muscular degeneration and gradual loss of muscle fibers \[[@r10]\]. Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are X-linked MDs caused by dystrophin gene mutation \[[@r6], [@r12]\] and called dystrophinopathies \[[@r33]\]. The gene codes for dystrophin, which is a cytoskeletal-associated protein of 427 kDa in human and of 425 kDa in pig and connects cytoskeletal and membrane proteins, such as actin, dystroglycan and dystrophin-associated glycoproteins \[[@r17]\]. DMD is the most severe and common MD in humans \[[@r25]\]. BMD is a milder MD than DMD, and the incidence is approximately one-third of that of DMD \[[@r5]\]. The histological characteristics of MDs are varied muscular fiber diameters, degeneration, necrosis, regeneration and emergence of round-shaped muscular fibers in transverse sections. In MDs, these changes are heterogeneously distributed in the affected skeletal muscle, not homogeneously distributed like massive necrosis of the affected muscle in the white muscle disease. Endomysial fibrosis is profound especially in DMD in accord with its rapid disease progression and hypertrophic fibers, whereas internal nuclear dispositions are profound especially in BMD in accord with its gradual progression. The difference between DMD and BMD is explained by the reading frame thesis with some exceptions; DMD patients have an out-of-frame deletion in the dystrophin gene, which results in a lacked dystrophin at the sarcolemma in skeletal muscle, while BMD patients have an in-frame deletion in the gene, which results in faint and/or patchy stainability of dystrophin at the sarcolemma \[[@r1], [@r19], [@r22], [@r34]\].

We encountered a case, which macroscopically diagnosed with MS in a meat inspection center. The histological features of the examined muscle resembled human BMD. For further diagnosis of the present case, we conducted and evaluated the immunofluorescence staining for dystrophin on formalin-fixed paraffin-embedded (FFPE) tissue and sex determination by polymerase chain reaction (PCR) analysis of FFPE samples. Herein, we report a case of BMD-like myopathy in a pig and the useful application of immunofluorescent staining on FFPE tissue in the diagnosis of porcine dystrophin-associated myopathy.

MATERIALS AND METHODS {#s1}
=====================

*Case history and pathological examination*: The pig was brought into a slaughterhouse in Japan. Its sex, breed and age were unknown at the time. The pig had no clinical symptoms and an average physique at the ante mortem inspection in the meat inspection center. Pale, yellowish-red, discolored muscles with fat infiltration were found after carcass dressing in the rectus abdominis muscle and muscles of the femoral region. The other muscles appeared normal. No significant lesions were found in the other organs. The rectus abdominis muscle was collected, fixed in 10% neutral-buffered formalin and embedded in paraffin for the pathological examinations. The paraffin sections were stained with hematoxylin and eosin (HE), phosphotungstic acid hematoxylin (PTAH), Bodian-Luxol fast blue (B-LFB) and periodic acid-Schiff reaction (PAS).

In addition to the present case, the following 2 samples were used as controls for comparison: normal muscular tissue from a 4-week-old mixed-breed male pig, which was purchased from a pig farm in Japan (Shinasawa pig farming union, Saitama, Japan) and necrotic muscular tissue due to an infraction in a slaughtered pig of unknown sex. These 2 samples were fixed, embedded, sectioned, stained with HE and subjected to the following immunofluorescence examinations. In addition, frozen normal muscular tissue was collected for confirming the cross-reactivity of an anti-dystrophin antibody. All research procedures involving animals were approved and were in accordance with the guidelines of the animal research committee of the National Veterinary Assay Laboratory.

*Immunofluorescence staining on FFPE samples*: The indirect immunofluorescence antibody technique was applied using an anti-dystrophin mouse monoclonal antibody (clone 1808; 1 in 100 dilution; Abcam, Cambridge, MA, U.S.A.) as the primary antibody \[[@r29]\]. To unmask the epitope, tissue sections were boiled in 1 mM EDTA solution (pH 8.0) for 20 min. A fluorescence-labeled anti-mouse IgG goat polyclonal antibody (1 in 500 dilution; Life Technologies Corporation, Carlsbad, CA, U.S.A.) was used as the secondary antibody. Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA, U.S.A.) was used for mount.

*Cross-reactivity of the primary antibody*: The cross-reactivity of the primary antibody with porcine dystrophin was confirmed by western blotting using a lysate obtained from the normal muscle tissue and compared to the anti-dystrophin mouse monoclonal antibody with previously confirmed cross-reactivity (Dys1; clone Dy4/6D3; 1 in 250 dilution; Leica Biosystems Newcastle, Newcastle, U.K.) \[[@r12]\].

*Sex identification by polymerase chain reaction from FFPE sample*: To determine the sex of the present pig, PCR analysis was performed in order to amplify the 163 base pairs of the DNA fragment with the porcine SRY gene DNA primer pair (sense: 5'-TGAACGCTTTCATTGTGTGGTC-3' and anti-sense: 5'-GCCAGTAGTCTCTGTGCCTCCT-3') designed by Pomp *et al.* \[[@r27]\] for sex identification of a raw embryo. Template DNA was extracted from FFPE samples of the present case and the control samples of both sexes. The male control sample was prepared from the normal muscular tissue, and the female sample was prepared from the spleen of female pig, which was one of the previous case collections of our laboratory. In brief, these samples were cut into 50-*µ*m sections, collected in sample tubes, conjugated with 0.5 m*l* of DNA Isolator PS-Rapid reagent (Wako Pure Chemical Industries, Osaka, Japan), boiled 10 min, transferred to a centrifuge tube with 0.2 *µ*m filter unit and centrifuged. The filtrated samples were collected for the PCR templates. Each template was mixed with a Platinum Pfx DNA Polymerase kit (Life Technologies Corporation) according to the manufacturer's instructions. After incubation at 95°C for 4.5 min, 40 cycles of 95°C for 25 sec, 55°C for 40 sec and 68°C for 30 sec were performed. The amplicons were resolved by electrophoresis in a non-denaturing 2.0% agarose gel and then stained with ethidium bromide.

RESULTS {#s2}
=======

*Histological findings*: The most characteristic histological alteration was fat infiltration; up to approximately 50% of the sectioned tissue was adipose tissue ([Fig. 1a](#fig_001){ref-type="fig"}Fig. 1.Pig. Skeletal muscle (rectus abdominis), hematoxylin and eosin stain (HE). Severe fat infiltration (a), vacuolar degeneration (b), hyalinized fiber and myophagy (c) and fiber splitting (d) are observed. The internal disposition of the nuclei is also seen in (b--d). Bar scales: 200 *µ*m (a), 50 *µ*m (b), 50 *µ*m (c) and 100 *µ*m (d).). In a cross-section of muscle, the remaining muscular fibers varied in fiber diameters with mildly rounded shapes and the emergence of hypertrophic fibers, sometimes accompanied by vacuolar degeneration ([Fig. 1b](#fig_001){ref-type="fig"}). Hyalinized fibers and myophagy were scattered ([Fig. 1c](#fig_001){ref-type="fig"}). The internal disposition of nuclei and fiber splitting were scattered as well ([Fig. 1d](#fig_001){ref-type="fig"}). Slight endomysial fibrosis and intra-adipose tissue fibrosis were also observed.

In the longitudinal sections, almost all of the remaining muscular fibers showed internal disposition of nuclei, and a few fibers showed nuclear chains. Scattered segmental necrosis of myofibrils was observed as partial hyalinization, sometimes flocculated or accompanied with accumulated macrophages. The cross-striations of the fibers were focally obscure in HE-stained sections, and those foci were ascertained to be Z-disc streaming with PTAH staining. Regenerated, small and pale basophilic fibers were not evident in cross-section and longitudinal section. Other fiber alterations, such as calcification, target fiber or sarcoplasmic masses, were not observed. There were no small angular fibers or grouping atrophy as well. B-LFB revealed that the peripheral nerves were normal. PAS-positive materials were not found in the vacuoles of the degenerated muscular fibers.

*Immunofluorescence*: The muscles of the present case showed focal and faint stainability of dystrophin at the sarcolemma in most areas ([Fig. 2f](#fig_002){ref-type="fig"}Fig. 2.Hematoxylin and eosin staining (HE) and immunofluorescence staining for dystrophin: healthy pig (a, d), necrotic muscle (b, e) and the present pig (c, f). Dystrophin is stained light green. The nuclei are stained blue. The healthy pig shows small fibers (a), because of its young age and clear stainability at the sarcolemma (d). The necrotic muscle, which consists of muscle fibers that are massively necrotized because of an infarct, shows strongly eosinophilic pale cytoplasm and declined muscle nucleus stainability in HE (b), whereas dystrophin is stained at the sarcolemma (e). In the present pig, dystrophin is faintly and partially stained at the sarcolemma (f). Bar scales: 20 *µ*m (a) and 50 *µ*m (b--f).). By contrast, the healthy pig muscles ([Fig. 2d](#fig_002){ref-type="fig"}) and necrotic muscular tissue showed intense and continuous stainability at the sarcolemma ([Fig. 2e](#fig_002){ref-type="fig"}).

*Cross-reactivity*: To confirm the cross-reactivity of the primary antibody used in the present immunofluorescent examination, total muscular lysates from a healthy pig were examined by western blot analysis with the primary antibody. A closely spaced doublet band of 425 kDa of porcine dystrophin was detected in porcine muscular homogenates below the 500-kDa marker ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Western blot analysis of normal porcine muscle. Lane 1 is stained using pan-dystrophin antibody Dys1 (clone Dy4/6D3). Lane 2 is stained using the primary antibody (clone 1808) used in the present immunofluorescent examination. Closely spaced doublet bands of approximately 425 kDa were visualized on both lanes below the 500-kDa marker. Non-specific reactivity was not detected.), which was similar to the findings of a previous report \[[@r13]\]. Nonspecifically reacted bands were not detected. The same bands were also detected by a western blot analysis using Dys1 antibody.

*Sex identification*: The SRY detection method by PCR was applicable to DNA extract from FFPE samples. The electrophoretic analysis revealed a primer-specific band, which nearly corresponded to 160 bp, in the positive male control lane and the present case lane ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Agarose gel showing ethidium bromide-stained electrophoresis of PCR products of the SRY gene fragment, which was amplified from DNA isolated from paraffin-embedded tissue. Lane M is a ladder. Lane P is a positive control from the spleen of a male pig. Lane C is a sample from the muscular tissue of the present pig. Lane F is a sample from the spleen of a female pig. The arrow indicates 160 bp. A positive band was observed in lane P and lane C.). The band was not observed in the female control lane.

DISCUSSION {#s3}
==========

Histological features of the examined skeletal muscle were profound diffused fat infiltration into the skeletal muscle and heterogeneously scattered various types of degenerative and regenerative changes in the remaining muscles. The stainability of the dystrophin in the muscular tissue of the present case was revealed to be declined and patchy at the sarcolemma by immunofluorescent staining. Based on the results of the histological and immunofluorescent analyses, the present case was diagnosed with BMD-like myopathy associated with dystrophin abnormality in a pig. This is the first report of a natural case of myopathy associated with dystrophin abnormality in a pig. The results in this study implied an inherited factor as one of the causes of MS and the possible occurrence of the human BMD homolog in pigs. Furthermore, the immunostaining for dystrophin on the porcine FFPE tissue was evaluated and demonstrated in this study.

An immunostaining for dystrophin is the most sensitive detection method for dystrophinopathy among the several types of detection methods, such as the detection of mutations in the dystrophin gene by PCR or sequence analysis and western blot analysis of dystrophin \[[@r15], [@r21]\]; however, an immunostaining for dystrophin is limitedly applicable on frozen sections with some exceptions of the immunostaining methods for dystrophin used in human \[[@r14]\]. We suspected an association of dystrophin abnormality with the present myopathy, but we had not obtained frozen specimens. Thus, we tested an immunofluorescence staining for dystrophin on porcine FFPE tissue. The present immunostaining revealed an intense and a continuous stainability at the sarcolemma in a normal control skeletal muscle and a necrotized skeletal muscle, and it detected the declined stainability, specifically in the skeletal muscle of the present case. The antibody used in the present immunostaining was also confirmed to react with porcine dystrophin without non-specific reactivity in the western blotting. The present immunostaining for dystrophin was revealed to be applicable on porcine FFPE tissue, and this may be useful for the detection and diagnosis of dystrophin abnormality-associated myopathy since frozen sections are not always available, especially in field cases.

Considering the similar declination of dystrophin stainability in human BMD, these findings suggested that the present case was a homolog of human BMD, which is an X-linked muscular disorder in humans. On the other hand, the declination of dystrophin expression is reported in female carriers of DMD as a mosaic expression of dystrophin \[[@r2]\]. The possibility that the present pig was a female carrier of dystrophinopathy could not be ruled out, because the sex of the case was not noted. For this reason, we attempted to identify the sex by SRY gene amplification of FFPE tissue. The SRY detection method by PCR, developed for raw materials, was applicable to DNA extracts from FFPE tissue and showed that the present case was male. This result was consistent with the possibility that the present case was a human BMD homolog. Provided that a BMD homolog occurs in pigs, and the homolog results in abnormally fat-infiltrated muscle, namely MS, the detection and removal of a carrier sow is a feasible preventative measure that can be used to avoid the economic loss due to MS. The possible occurrence of a BMD homolog also suggested the possibility of BMD disorder model in a pig. In dystrophinopathy, experimental DMD models have been developed in mouse \[[@r4], [@r32]\] and dog \[[@r31]\]. In particular, the experimental dog DMD model, originated from naturally occurring DMD in golden retriever dog \[[@r30], [@r31], [@r35]\], is valuable for the further study of DMD pathogenesis in humans, because its clinical features are similar to those of human DMD. In other animals, a genetically engineered dystrophin-deficient DMD pig model has been reported recently \[[@r18]\]. In contrast to DMD, there is no report of animal BMD cases, including dystrophin-declined myopathy or the establishment of an animal model of BMD. The cDNA of porcine dystrophin is sequenced, and the deduced amino-acid sequence of porcine dystrophin shows a high degree of sequence similarity to human dystrophin with a 94% overall amino-acid identity \[[@r3]\]. In addition, a pig is not only a meat-producing livestock but also a possible candidate animal model for biomedical research addressing regenerative medicine or preclinical investigations in pharmacology \[[@r37]\]. Taking into account the high sequence similarity of porcine dystrophin to human dystrophin and the pig's aptitude as an animal model, the present BMD-like myopathy suggested a possibility of establishing a valuable disease model of human BMD using a pig.

The muscular disorders characterized by abnormal fat infiltrate and discoloration in macroscopic findings may be routinely diagnosed as MS or so-called "fatty muscular dystrophy" without detailed histopathological examinations. Considering the fat infiltration is not a particular lesion in the skeletal muscle but is sequel after the muscular disorder, MS may consist of diverse collection of muscular disorders including the BMD-like myopathy. A lot of issues, such as the prevalence, genetic factors, pedigree and the systemic analysis of muscles, including heart, still remain unclear in our understanding of the BMD-like myopathy in a pig. Further studies on the BMD-like myopathy and MS with the present immunostaining method as one of the keys for examining muscular disorders are required in order to prevent economic loss and to ascertain the possibility of a BMD model using a pig.
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